high proliferation and collagen secretion, increased alkaline phosphatase (ALP) activity, and upregulated bone sialoprotein expression, etc. of osteoblasts in the presence of ionic degradation products from bioactive glasses, with almost always increased calcium ion concentrations. Calcium ion concentrations (2-4 mM), which might be low in the case of in vitro experiments, have been shown by Maeno et al. to be suitable for proliferation and survival of osteoblasts, whereas mid-level in vitro calcium ion concentrations (6-8 mM) are shown to increase differentiation and extracellular matrix (ECM) mineralization of osteoblastic cells in vitro. Higher calcium concentrations (>10 mM) are reported to be cytotoxic (Maeno et al., 2005) .
In addition to the calcium phosphate degradation as well as the effect of calcium ions, which has been extensively investigated by Wenisch et al. and Glenske et al. with respect to osteoclast development (Glenske et al., 2014; Wenisch et al., 2003) and by Wagner, Glenske, Henß, et al. (2017) and Wagner, Glenske, Wolf, et al. (2017) with respect to human BMSC (hBMSC), the influence of strontium on proliferation and differentiation of hBMSC is of emerging interest.
Strontium is used in systemic therapy of osteoporosis in the form of strontium ranelate (Marie, 2005; Reginster et al., 2005) . A recently published review by Neves et al. on strontium-enriched biomaterials for bone regeneration concludes based on in vivo experiments that strontium is "an apparently safe and effective doping material for stimulating bone formation and remodeling" (Neves, Linhares, Costa, Ribeiro, & Barbosa, 2017) . In vitro stimulation of proliferation and osteogenic differentiation of human bone marrow-derived mesenchymal stem cells (Montesi, Panseri, Dapporto, Tampieri, & Sprio, 2017; Schumacher, Lode, Helth, & Gelinsky, 2013) , and an inhibitory effect on osteoclasts activity in vitro (Montesi et al., 2017) were reported for strontium(II)-modified calcium phosphate bone cements as well.
Therefore, the effect of strontium ions should be investigated, since ion release is a basic form of biomaterial degradation. Calcium and strontium are both bivalent ions forming alkaline earth metals with almost identical electronegativity of 1 by Pauling scale and quite similar covalent radii of about 1.74 Å (Ca) and 1.91 Å (Sr) (Pauling, 1947) . The signaling principles, pathways and protein binding capacity for strontium were identified, in a review concerning the biological role of strontium by Pors Nielsen, to be equivalent to calcium ions (Pors Nielsen, 2004) . The therapeutic effect of strontium in bone metabolism and regeneration has been investigated by Marie et al., exhibiting beneficial effects on bone cells and bone formation in vivo (Marie, 2005) . In detail, positive effects on bone mass after strontium and strontium ranelate administration in case of postmenopausal osteoporosis were observed in many studies (Marie, 2005; Reginster et al., 2005; Skoryna, 1981) . The natural amount of strontium in healthy bone mineral is with 96 μg/g way lower than the amount of calcium with 20.3 × 10 4 μg/g (D' Haese et al., 1999) .
Therefore, no physiological role could be identified so far, but it has been reported, that on a structural level, strontium supplied through diet is mainly incorporated into the crystal by ionic substitution of a few calcium atoms in the crystal surface (Dahl et al., 2001) . On a functional level, several in vitro studies confirmed a pro-osteogenic effect, namely osteoblast precursor proliferation and expression of ECM proteins as well as osteoblast-mediated bone formation in the presence of strontium (Canalis, Hott, Deloffre, Tsouderos, & Marie, 1996; Verberckmoes, De Broe, & D'Haese, 2003) . In different reviews, it has been presumed that strontium activates the calcium sensing receptor of bone cells, still not knowing the exact mechanism, how strontium ions affect bone cells (Marie, 2010; Schumacher & Gelinsky, 2015) . The influence of different extracellular strontium ion concentrations in standard (calcium-containing) cell culture medium on differentiated confluent osteoblasts has been investigated,
showing an optimum strontium concentration of 5 μg/ml (0.06 mM), while the highest concentration of 100 μg/ml (1.1 mM) did not influence osteoblast differentiation but disturbed mineral formation (Verberckmoes et al., 2003) .
The present study investigated the influence of calcium or strontium ion concentrations suitable for proliferation, differentiation, and osteoblast-mediated mineral deposition of hBMSC and osteoblasts, respectively. Focus was put on ion concentrations reported in literature during cultivation of osteoblasts on bone substitute materials (Hempel et al., 2004; Kruppke et al., 2016 Kruppke et al., , 2017 Yokoyama, Yamamoto, Kawasaki, Kohgo, & Nakasu, 2002) . Therefore, increased
calcium concentrations compared to standard 1.8 mM were analyzed as a comparative value to initial ion release of many calciumcontaining bone substitutes, like calcium phosphate cements and inorganic/organic composites. Additionally, the release of ions during incubation as well as the decrease of ion concentrations due to the materials bioactivity (Glenske et al., 2014; Heinemann et al., 2012; Schumacher, Henß, Rohnke, & Gelinsky, 2013) , initiating calcium phosphate precipitation from physiological solutions, influences the micro environment of cells to a great extent and was particularly investigated with decreased medium ion concentrations.
| MATERIAL S AND ME THODS

| Cell culture experiments
HBMSC were isolated from bone marrow aspirates from the iliac crest of a healthy male donor (30 years, Caucasian) and kindly provided by Professor Bornhäuser and co-workers, Medical Clinic I, Dresden University Hospital Carl Gustav Carus (Oswald et al., 2004) .
The cells were expanded in Dulbecco's modified Eagle's medium (DMEM; Biochrom), low glucose, supplemented with 10% fetal calf serum (FCS; Biochrom), 100 U/ml penicillin (Biochrom) , 100 μg/ml streptomycin (Biochrom) (1% penicillin/streptomycin) in a humidified atmosphere at 37°C and 7% CO 2 (Heinemann, Heinemann, Worch, & Hanke, 2011) . In passage 5, the cells were seeded at a density of 6 × 10 3 cells per 24 well (3,200 cells/cm 2 ) directly on polystyrene (PS).
Cultivation of hBMSC was further on performed at 37°C, 5% CO 2 in a humidified atmosphere in 1 ml α-minimal essential medium (αMEM; Biochrom), which was obtained as a modified medium, free of calcium chloride (CaCl 2 ·2H 2 O) as well as the standard calcium-containing medium (1.8 mM). The preparation of different calcium and strontium ion concentrations is explained below. The medium was supplemented with 10% FCS, 100 U/ml penicillin, 100 μg/ml streptomycin, and 2 mM l-glutamine. This medium without osteogenic supplements is indicated by OS−. Osteogenic differentiation of hBMSC was induced after 3 days by the addition of 10 mM β-glycerophosphate (β-GP; Sigma), 10 nM dexamethasone (Dex; Sigma), and 50 μM ascorbic-2- To produce the different strontium ion concentrations, Ca-free α-MEM was supplemented with SrCl 2 ·6H 2 O. 479.9, 240.0, 120.0, and 53.3 mg SrCl 2 ·6H 2 O were added to medium bottles of 500 ml each to adjust 3.6, 1.8, 0.9, and 0.4 mM strontium ion concentration. Again, it should be pointed out that Ca-free α-MEM, as a basis for strontium-substituted ion media, contains a minor amount of calcium ions resulting from D-Ca-Pantothenate (0.003 mM) and calcium ions from the additionally supplemented FCS.
| Cell culture analysis
| Proliferation and differentiation
Proliferation was determined measuring lactate dehydrogenase (LDH) after 7, 14, 21, and 28 days. LDH was used, to allow comparison to cell count measurements on calcium phosphate biomaterials, which are known to limit DNA measurements due to DNA adhesion to these materials. Cell count was determined by analysis of DNA as well. LDH and DNA show highly comparable results, wherefore only LDH data are
shown. Cell lysates were prepared with 1% Triton X-100 (Sigma) in PBS and LDH activity was determined with a LDH-Cytotoxicity Detection Kit (Takara). The LDH activity of defined cell numbers was used as a calibration curve. The absorbance was read at 492 nm with an Infinite 200 Pro microplate reader (Tecan).
The ALP level in relation to the cell number was determined as an indicator for osteogenic differentiation of hBMSC. An aliquot of the cell lysates was added to ALP substrate buffer containing 2 mg/ ml p-nitrophenyl phosphate (Sigma), 0.1 M diethanolamine, 1 mM MgCl 2 , 0.1% Triton X-100 (pH 9.8), and incubated at 37°C for 30 min.
Afterwards, the enzymatic reaction was stopped by addition of 0.5 M NaOH. The absorbance was read with a microplate reader at 405 nm. A calibration curve was obtained from different concentra-
| Light microscopy
Light microscopy of cells seeded on PS, and mineral precipitates were performed using a Zeiss Axiovert 40 CFL (Zeiss) equipped with a digital camera (Canon). Precipitates and cells on the well bottoms were visualized with a CP-Achromat 10×/0.25 Ph1 objective (Zeiss).
| Measurement of calcium ion concentration and calcium phosphate precipitates
Initial calcium ion concentrations of the different media were measured to determine the correct amount of calcium of Ca-modified media after addition of FCS. Additionally, the calcium ion concentra- 
| Statistics
All measurements were done at least in triplicate and are expressed as mean ± standard deviation. One-and two-way analysis of variance (ANOVA) with Bonferroni correction was applied for statistical analysis, and P-values <0.05 were considered significant and indicated selectively by an asterisk.
| RE SULTS
| Proliferation of HBMSC influenced by calcium and strontium ion concentration
At first, the initial calcium ion concentrations calculated for the different media were measured to determine the influence of FCS addition. Therefore, the media with and without osteogenic supplements were analyzed and showed a slight higher calcium concentration compared to the basic media and their labeling, respectively.
The addition of osteogenic supplements had no significant influence on the calcium concentration ( Figure 1) . The difference between the nominal value of the medium and the measured calcium concentration increased with decreasing nominal concentration, leading to calcium concentrations of about 0.4 mM in the Ca-free αMEM, and 1.3 mM in the 0.9-αMEM. The 1.8-αMEM showed a value of about 2.0 mM calcium and 3.6-αMEM of about 3.7 mM. For all strontium containing media, the initial amount of calcium was slightly raised to 0.3-0.4 mM due to addition of FCS to the Ca-free αMEM.
During cell culture in medium without osteogenic supplements over 28 days, a strong dependency of LDH activity on the concen- (Figure 3a) . Under conditions of OS+ media, there was a calcium-dependent increase visible. This has to be distinguished in the point of time of the ALP maximum and the value of this maximum. In general, it can be said that the higher the calcium concentration in OS+ medium, the earlier was the maximum of ALP activity reached.
In case of strontium containing medium, the maximum ALP activity was reached for 0.4 mM and 0.9 mM strontium in OS+ medium at day 21. 3.6 mM strontium showed a very low ALP maximum of 2 nmol PNP/min per 10 4 cells, while in the case of 1.8 mM strontium, the ALP activity increased during the whole time of cultivation, but reached only a final value of 2.1 nmol PNP/min per 10 4 cells at day 28. Therefore, it is not possible to say, whether high strontium concentrations cause a faster differentiation with low maximum ALP activity or a delay in differentiation.
| Changes in media calcium concentrations
The Mineral precipitates in 3.6 mM-αMEM were significantly increased and led to precipitates of almost 50 μg per well in OS+ medium without cells as well as in OS− medium with cells, about 100 μg per well in OS− medium without cells, and over 300 μg per well for OS+ medium with cells at day 28 (Figure 4b ). The increasing amount of precipitates with time was connected to the decreasing amount of calcium ion concentration in the OS+ 3.6 mM-αMEM during cell culture. As reported for the 1.8 mM-αMEM, the 3.6 mM-αMEM (OS− and OS+) showed a slight increase of calcium ion concentration F I G U R E 1 Initial calcium ion concentrations of manually modified media after addition of fetal calf serum (FCS). , nominal value; , OS− α-MEM + FCS; , OS+ α-MEM + FCS until day 7 (Figure 4d ). Afterwards, a slight decrease was measured in 3.6 mM-αMEM OS− until day 28. The decrease in calcium ions was significantly higher in 3.6 mM-αMEM OS+ until day 28, where a calcium concentration of just about 2 mM was present.
During the entire incubation and cell culture period with strontium-substituted medium, no mineral precipitates were observed in the well plates. This was independent of the selected strontium ion concentrations. Therefore, only light microscopic results of the calcium-containing media are shown below.
During cultivation, the increase of cells was visible via light microscopy and confluence was reached at day 28 for 3.6 mM-α-MEM OS− as well as for 1.8 mM-and 0.9 mM-α-MEM OS+. The optical control of cell growth also led to the observation of mineral deposits between the cells. The images for Ca-free, 1.8 mM-and 3.6 mM- 
| D ISCUSS I ON
Cell culture of hBMSC and osteoblasts, respectively, on biomaterials is frequently used to assess the effect of degradation products of various bone substitutes. There is always a superimposition of effects, such as the surface, dissolved particles and macromolecules, and the release of cations and associated anions. In order to test the hypothesis that calcium and strontium ions have an osteogenic stimulatory effect not only when they are combined but also when they are solely present in the medium, the ion concentrations in the medium were varied in this study and adjusted to typical concentrations during the cultivation of biomaterials (Heinemann et al., 2012; Kruppke et al., 2017; . Additionally, the effect of strontium ions was investigated without superimposition of standard calcium ion concentration in cell culture medium. P-values <0.05 were considered significant and indicated by an asterisk start of investigations. As soon as the cells were seeded, the medium was changed, causing a harsh change of calcium ion concentration, which was in some cases an immediate shortage in essential calcium.
As shown by Gustavsson, Ginebra, Planell, and Engel (2012) , fast as well as slow changes in extracellular calcium concentration cause an increase of intracellular calcium concentration in SAOS-2 cells independent from the fact, whether the extracellular calcium is increased or decreased, which might be an initial stress reaction of the cells.
The second setup parameter limiting the assessment of calcium concentration effects on hBMSC is the addition of FCS. Serum, necessary for cell culture, increases the calcium concentration by up to 0.4 mM, which reduces the lack situation for the cells, particularly at low concentrations, whereas high concentrations might lead to accelerated mineral precipitation. The minimum calcium concentration for maintaining the cell growth was 1.8 mM, which is the concentration supplied in many culture media such as DMEM and αMEM.
Lower calcium concentration would significantly retard cell growth (Dvorak et al., 2004) .
The effect of direct correlation between calcium concentration and proliferation was present in OS− medium, whereas OS+ medium showed an optimal LDH activity for calcium ion concentrations between 0.9 and 1.8 mM (+FCS, measured values: 1.3 and 2.0 mM calcium). The optimal calcium concentration was described Therefore, simultaneous hBMSC proliferation and differentiation are not a contradiction, which is most prominent for strontium containing medium, discussed later on.
The hBMSC differentiation in OS+ medium indicated that a deficiency of ions in the medium impairs the proliferation and delays the differentiation of hBMSC. This effect was also observed for hBMSC cultivated on bioactive silicate/collagen xerogels (Heinemann et al., 2012; Wagner, Glenske, Henß, et al. 2017) . Those xerogels are bioactive materials and withdraw calcium from the medium by inducing mineral precipitation, which decreases calcium ion concentration for hBMSC development.
The low ALP activity of osteoblasts in medium with 3.6 mM calcium (OS+) appears initially contradictory, since an increased proliferation is observed. The reason might be firstly, the earlier the cells differentiate, the less cells are there to express auto-and paracrine stimuli for differentiation. Secondly, the high ion concentrations cause calcium phosphate precipitation in the well plate. This causes a depletion of calcium in the medium measurable from day 14 on. Those extracellular changes of the fluid lead to cellular stress reactions in addition to the stress of differentiation additives (Eklou-Kalonji et al., 1998; Gustavsson et al., 2012; Maeno et al., 2005) . As a result of these investigations, an optimum of calcium ion concentration in the medium of 0.9-1.8 mM, plus the calcium content of FCS, can be stated.
| Influence of strontium ion concentration on hBMSC/osteoblasts
A positive influence of strontium ions (0.9 and 1.8 mM) on proliferation can be seen in OS− as well as in OS+ media with significantly F I G U R E 5 Light microscopy images (magnification 10×) of mineral precipitates (indicated with triangles) with and without hBMSC after 14 days of incubation. Due to the lack of mineral precipitates in strontium containing media, only calcium precipitates are shown reduced calcium concentration (0.4 mM from FCS only). This positive effect of strontium ions-in addition to the standard medium containing 1.8 mM calcium-on hBMSC (or generally bone cells) has been described by Verberckmoes et al. (2003) by investigations of confluent primary osteoblasts (rat), with different strontium ion concentrations. They proved an increase in ALP activity under addition of strontium chloride in a range between 5.5 μM and 1.1 mM and observed disturbed mineral morphology for the highest concentration, without influence on cell differentiation. An increase in ALP was shown for strontium ranelate, by the addition of 0.1 and 1.0 mM strontium ranelate to standard cell culture medium during MSC culture (Li et al., 2012) . Even hBMSC culture on partly strontium-substituted calcium phosphate cements showed a proosteoblastic effect (Schumacher & Gelinsky, 2015) . Nevertheless, the reported effects are possibly due to superimposition of calciumcontaining medium and strontium added to the medium or released from the material, which can be largely excluded in the context of this study.
The most rapid differentiation caused by strontium (3.6 mM)
is plausible since the half maximal effective concentration of strontium ions, to activate the calcium sensing receptor, is in the submillimolar to millimolar range, which is categorized to be the same medium-strength as calcium itself (Chang & Shoback, 2004) .
The particularly high differentiation stimulation by strontium at comparatively low concentrations coincides with data from the literature, which often indicates strontium concentrations of only 0.1 mM to stimulate differentiation (Li et al., 2012; . From the results, it must be concluded that stimulation of differentiation of hBMSC is more likely at strontium ion concentrations of below 1 mM, since ALP activity was low at high strontium concentrations (3.6 mM), even though these concentrations did not cause dystrophic strontium mineral formation. These positive effects on differentiation were observed with superimposition of calcium and strontium, as mentioned earlier, which might have compensated each other's lack. The stimulation of hBMSC/osteoblasts by strontium depends on an optimal concentration between stimulation of proliferation and differentiation.
This optimum might be influenced by an overlap with calcium ions in the medium. Therefore, the addition of low strontium concentrations to calcium-containing medium might be sufficient in vitro, to enhance hBMSC differentiation. However, a cell culture exclusively under strontium ions requires balancing between proliferation and differentiation, which is in the range of 0.4-1.8 mM strontium.
In this study, all changes of media and ion concentrations were done abruptly without a temporal delay or repetition. Therefore, the effect of immediate change of ion concentration at cell seed and early adhesion, respectively, cannot be discussed unambiguously. Nevertheless, it is the first time, varied strontium ion concentrations can be identified to be solely responsible for a positive effect on hBMSC and osteoblasts, respectively, in the same manner as calcium ions have been proven to stimulate proliferation and differentiation.
| Mineral precipitation
The comparably low amount of precipitates in cell free media (OS− and OS+, up to 1.8 mM calcium) indicate that in case of cell culture in this media (OS+, up to 1.8 mM calcium), the mineralization of the ECM is primarily cell-controlled (Boskey, 1996) . The significantly higher amount of mineral deposits in medium with 3.6 mM calcium compared to the standard 1.8 mM medium occurred both with and without cells and also in OS− as well as OS+ media. This characterizes the large proportion of dystrophic-meaning not cellcontrolled-mineral deposition.
Mineral deposits seem to be avoidable by at least a partial substitution of calcium ions in the medium by strontium ions. Even with the highest strontium ion concentration (3.6 mM) and the low calcium ion concentration by added FCS, no mineral precipitates are visible. The absence of dystrophic mineral formation might be due to the increased solubility of strontium apatite (Pan et al., 2009; Sillen & LeGeros, 1991) .
This, however, increases the variability of strontium ion addition to the cell culture medium as a proliferation-increasing substance.
| CON CLUS IONS
In conclusion, the present study demonstrates the following influences on hBMSC/Osteoblasts:
• A correlation of proliferation and calcium ion concentration in me- for providing us with hBMSC. We are grateful to Beate Katzschner for technical assistance. This work was part of DFG Collaborative
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